ABSTRACT Variation in cold hardiness was studied in the laboratory for the nondiapausing eggs of nine Aedes (Stegomyia) species from eastern Asia and PaciÞc islands, ranging from the tropics to the cool-temperate zone. Species included were Aedes aegypti (L.), Aedes albopictus (Skuse), Aedes flavopictus Yamada, Aedes galloisi Yamada, Aedes hensilli Farner, Aedes palauensis Bohart, Aedes paullusi Stone and Farner, Aedes riversi Bohart and Ingram, and Aedes scutellaris (Walker). For species with distributions covering two or three climatic zones, at least one population was included from each zone, except for Ae. aegypti (subtropical populations were unavailable). Some eggs of four species conÞned to the tropical zone survived short exposure to freezing temperature (ՆϪ5ЊC) when humidity was high. There were inter-and intraspecies variations in cold hardiness of nondiapausing eggs. Cold hardiness in each climatic zone differed in that populations of species with more northerly distributions were more cold-hardy than species with southerly distributions. In Ae. albopictus and Ae. flavopictus that cover three climatic zones, populations from cooler regions were more cold-hardy than populations from warmer regions. A possibility of southern species without diapausing eggs to colonize temperate eastern Asia was discussed.
Prediction of changes in the distribution of mosquitoes because of global climate change is essential for predicting changes in the distribution of mosquitoborne diseases. A possible northward expansion or shift of tropical and subtropical vector species as a result of global warming is a great concern for personnel responsible for control of mosquitoes and mosquito-borne diseases in northern temperate regions.
The subgenus Stegomyia of the genus Aedes includes several conÞrmed vectors of important viral diseases such as dengue fever, dengue hemorrhagic fever, chikungunya fever, and yellow fever (Eldridge et al. 2000) . Most of Stegomyia species actually or potentially lay eggs in artiÞcial containers such as used tires, and may be accidentally transported by humans. Among these, the biological traits of Aedes aegypti (L.) have been well studied because of its importance as a disease vector and circumtropical distribution. Aedes albopictus (Skuse) also has attracted increasing attention as a result of its worldwide invasion that started around the end of the 20th century.
The northern distributional limits of these two species have often been discussed with regard to winter temperature. As eggs are more cold-hardy than their larvae and adults (Ishii et al. 1954 , Bar-Zeev 1957 , cold hardiness of eggs has been studied as a key trait for successful overwintering and colonization. Ae. aegypti and tropical Ae. albopictus do not produce diapausing eggs and have generally been regarded as being unable to colonize temperate regions, whereas temperate populations of Ae. albopictus can produce cold-hardy diapausing eggs capable of surviving winter (Ofuji 1963; Hawley et al. 1987 Hawley et al. , 1989 Hanson and Craig 1994, 1995a; Hanson 1995) .
Nondiapausing eggs of Ae. aegypti and tropical Ae. albopictus can survive short (e.g., 24-h) exposure to temperatures close to or below 0ЊC (up to Ϫ3ЊC) (Christophers 1960 , Bar-Zeev 1957 , Hanson and Craig 1994 . Eggs of Aedes scutellaris (Walker) of Papua New Guinea also hatched well after 3 d at 1ЊC (Woodhill 1949) . Tropical Ae. albopictus eggs were able to overwinter at an experimental Þeld site where the minimum temperature fell to Ϫ2ЊC (Hanson 1995) . These studies suggest that nondiapausing eggs of many tropical Stegomyia species can survive short exposure to subzero temperatures and have potential to overwinter in the warmer temperate regions where subzero temperatures may not last for long time periods.
The purpose of the current study is to compare the cold hardiness of nondiapausing eggs of Aedes (Stegomyia) species from a wide geographical range by exposure to subzero temperatures in the laboratory. Three speciÞc questions will be addressed. First, is tolerance of short exposure to subzero temperatures a common trait among tropical species? Second, is cold hardiness in each climatic zone related to the climatic zones that the species occupies? Third, are there intraspecies differences in cold hardiness for species with distributions covering different climatic zones? Cold hardiness has been compared for many species differing in climatic distributions within an insect genus (e.g., Kimura 2004 for drosophilid ßies of eastern Asia), but similar studies appear absent for mosquitoes. (Mackerras 1946 , Savage et al. 1998 , Ashford et al. 2003 , Moore et al. 2007 . Table 1 , together with Fig. 1 , shows origins of populations used, with species distribution over climatic zones. These thermal climatic zones, adopted from Origins of colonies of Aedes (S.) species. F, Collection locality; letter in E, colony codes (see Table 1 ). Nagasaki, Ushibuka, and Tokyo are localities referred to in the text.
Materials and Methods

Species and
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MOGI: VARIATION IN COLD HARDINESS OF Aedes (Stegomyia) EGGS Kira (1991) , are consistent with forest types in Western PaciÞc lowlands and islands with summer rainfall allowing forest establishment. At least one population was used for each of climatic zones covered by each species, except for Ae. aegypti (subtropical populations were unavailable). Altitudes of collection sites were Ͻ100 m except for two Ae. albopictus populations, AM (610 m) and AA (210 m). Laboratory colonies were established from eggs laid in ovitraps or larvae collected from containers or tree holes. Colony Maintenance. Larvae and adults were reared in an insectary regulated at 25ЊC, 70% RH, and 16:8 (L:D)-h photoperiod. Eggs were submerged in aged tap water, and 300 larvae were reared in a plastic tray (20 ϫ 30 ϫ 4.5 cm) containing 1.5 liter of aged tap water. Larvae were fed on a 1:1 mixture of ground cockroach food and dry yeast. Adults were maintained in a nylon mesh cage (20 ϫ 20 ϫ 30 cm) with a 2% sucrose solution, where they copulated easily. Females took blood from human hands (the author) or mice. Eggs laid on a piece of wet paper towels were kept wet for 3 d, and then dried and kept at 20ЊC and Ͼ95% RH.
Climate Data. Data for Japan were obtained from Japan Meteorological Agency (http://www.jma.go.jp). Data for other localities were based on NAO (2007) Paper sheets with eggs laid within 24 h were kept wet for 2 d, and then dried for 1 d at 70% RH. On the next day (day 5 when the oviposition day was counted as day 1), the sheets were cut into strips, each having 50 Ð150 eggs. Some strips were submerged in water to determine initial viability (see below), and some were kept at 25ЊC as controls. From the same day, remaining eggs were exposed to decreasing temperatures of 20ЊC, 15ЊC, and 10ЊC for 1 d; 5ЊC and 0ЊC for 2 d; and Þnally at Ϫ5ЊC until inspection (see below). This procedure mitigated possible damages as a result of direct transfer from 25ЊC to subzero temperature and allowed the detection of substantial mortality at 5ЊC and 0ЊC, temperatures much lower than tropical species usually experience in the Þeld. The lowest experimental temperature, Ϫ5ЊC, was adopted on the basis of winter temperature in the warm-temperate region of eastern Asia. In Saga (where populations AS, RS, and FS were collected; Fig. 1 ), for example, the minimum temperature is below 0ЊC for 22.8 d per winter (the minimum record for Ͼ100 yr, Ϫ6.9ЊC). Therefore, survival under subzero temperature is essential for establishment in the warm-temperate region.
Survival rates of Stegomyia eggs are low at low humidity (Sota and Mogi 1992a) , so both control and experimental eggs were kept at high (Ϸ90% RH) and low (Ϸ40%) humidity conditions produced by putting a saturated solution of KCL and MgCl 2 ⅐6H 2 O, respectively, in sealed plastic containers (23 ϫ 30 ϫ 8 cm). Humidity of 90% RH mimics the optimum condition, whereas 40% was adopted as an analog of the severest condition in the Þeld. Winter in temperate eastern Asia (except for snowy regions) is a cold and dry season. Although there are occasional light rains, daily humidity minimums are frequently Ͻ50% RH, especially in large cities. In Tokyo (see Fig. 1 ), for example, humidity means for January and February are 50 and 51% RH, respectively, and the daily minimum of Ͻ30% RH is common.
Inspection of Hatch Rates. Hatch rates of eggs were inspected at 25ЊC. Each strip with eggs was submerged in water cooled after boiling (for deoxygenation) and enriched with 0.05% nutrient broth (Difco, Detroit, MI) in a glass tube (1 cm in diameter, 7 cm in depth). Although larval hatch usually was concentrated during the Þrst 2 d after submergence, hatching larvae were counted until none hatched for consecutive 3 d. Then, eggs were dried at 70% RH for 3 d and were submerged again to observe additional hatch. Replicates (number of strips submerged) per inspection were four.
For control eggs submerged on day 5 without exposure to low temperature (see above), mortality as a result of desiccation and coldness could be regarded to be nil, but the absence of either dry or cold periods could render these eggs (especially of northern populations) less sensitive to hatching stimuli. After termination of attempted hatch, unhatched eggs were bleached following Trpis (1970) , and pharate larvae counted under a microscope. Potential hatch rates were calculated as the number of hatching plus pharate larvae divided by the egg number.
Hatch rates of experimental eggs kept at 90% RH were inspected after 2 d at 5ЊC; 2 d at 0ЊC; and 2, 15, 30, 60, 90, and 120 d at Ϫ5ЊC. For eggs kept at 40% RH, the last inspection was 60 d at Ϫ5ЊC. Inspection periods of four populations (Ae. palauensis, Ae. hensilli, Ae. flavopictus FA, and Ae. galloisi GS) were shortened to 60 d (90% RH) and 30 d (40% RH) at Ϫ5ЊC because of unavailability of experimental facilities. Acclimation periods before submergence at 25ЊC were 1 d at 15ЊC for eggs removed from 5ЊC and 1 d each at 5ЊC and 15ЊC for those removed from 0ЊC and Ϫ5ЊC.
Control eggs kept at 25ЊC and 90 or 40% RH throughout were submerged in water on the same day when experimental eggs were submerged.
Data Presentation and Analyses. To depict patterns related to humidity and temperature, successive changes in mean hatch rates were shown for control and experimental eggs at low and high humidity conditions without data transformation.
Statistical analyses were performed by using SPSS Base10.0J (SPSS 1999) using arcsine-transformed hatch rates as a dependent variable. The general linear model (GLM) univariate procedure was used for comprehensive evaluation of the effects of Þve independent variables, including species (nine species), mean temperature at origin (Þve grades with a 5ЊC interval), temperature treatment (low or control), humidity treatment (low or high), inspection time (the maximum eight occasions), and their interactions.
As experimental temperature and inspection intervals were not constant, further analyses of inter-and intraspecies variations in cold hardiness were performed for each inspection time instead of comparison of single parameters such as mean survival time. To examine whether cold hardiness is related to climatic zones that species occupy, populations in each climatic zone were compared among species or species groups differing from each other in latitudinal distributions. Tropical populations were compared among four groups, as follows: 1) Indonesian Ae. scutellaris and Ae. paullusi conÞned to the tropics; 2) Palauan Ae. palauensis and Ae. hensilli conÞned to the tropics; 3) Ae. aegypti covering tropics and subtropics; and 4) Ae. albopictus distributed from the tropics through the warm-temperate zone. If cold hardiness differed among these four groups, it indicated that cold hardiness of tropical populations was inßuenced by differences in the climatic zones that species occupy. Similarly, subtropical, warm-temperate, and cool-temperate populations were compared for three, four, and two species, respectively. Intraspecies variation in cold hardiness was examined for Ae. albopictus and Ae. flavopictus because their distributions covered three climatic zones, from the tropics through the warmtemperate zone and from the subtropics through the cool-temperate zone, respectively. For each inspection time, back-transformed mean hatch rates (%) and 95% conÞdence limits (CL) (Sokal and Rohlf 1981) were depicted with analysis of variance results.
Results
Figs. 2, 3, and 4 show successive changes in hatch rates of experimental and control eggs at high and low humidity conditions (SD at each inspection time is not shown) for all species and populations examined. Hatch rates were affected by species, temperatures at origin, temperature treatment, and humidity treatment as well as inspection time (Table 2) . Experimental temperature and humidity affected hatch rates differently by species or temperature at origin. Inßu-ence of temperature at origin differed among species. Experimental conditions also interacted with each other, indicating different effects of temperature by humidity.
Potential hatch rates before exposure to low temperature were Ͼ80%, except for two Palauan species (60 Ð 80%). Hatch rates decreased with time, although there were some ßuctuations. An exception to this pattern was experimental eggs of cool-temperate Ae. galloisi GS at 90% RH; hatch rates were low until the third inspection (2 d at Ϫ5ЊC) and then increased to a hatch rate close to control eggs.
At 90% RH, hatch rates of control group eggs were Ͼ60% until the sixth inspection (64 d after the start), except for the Palauan species, which had Ϸ50% hatch rates. Hatch rates of experimental eggs were comparable to those of control eggs initially, but then decreased more rapidly than control eggs, indicating higher mortality at low temperature. An exception to this pattern was warm-temperate Ae. galloisi GK; hatch rates of experimental eggs were about one-half of controls at the Þrst inspection (2 d at 5ЊC) and did not decrease rapidly thereafter. Inter-and intraspecies variations when hatch rates of experimental eggs decreased rapidly are analyzed below.
Hatch rates decreased more rapidly at 40% than at 90% RH, indicating higher mortality at low humidity.
However, the adverse effects of low temperature were not evident. Hatch rates at low temperature were comparable to or higher than controls in many populations. Tropical EP and EM populations of Ae. aegypti were most tolerant of low humidity as indicated by high hatch rates at 40% RH comparable to those at 90% RH until the second inspection (7 d after the start). On the other hand, Ae. galloisi, the northernmost species, was most sensitive to low humidity, and hatch rates at 40% RH were zero or almost so throughout from the Þrst inspection (5 d after the start) irrespective of temperature and populations (GK and GS). Hatch rates of other species at 40% RH were between those of Ae. aegypti and Ae. galloisi. Overall, northern populations did not seem to be more resistant to desiccation.
Inter-and intraspecies variations in cold hardiness were analyzed for eggs exposed to low temperatures at 90% RH. Fig. 5 compares hatch rates of populations from each climatic zone. Eggs of two Indonesian and two Palauan species conÞned to the tropics had mean hatch rates Ͼ70 and Ͼ40%, respectively, until 2 d at 0ЊC. Lower hatch rates of the Palauan species were because of lower hatch rates from the start (Fig. 2) and never indicated higher mortality at low temperature than other groups. Few eggs of these four species still hatched after further 2 d at Ϫ5ЊC (Fig. 2) , indicating that they survived short exposures to subzero temperature. However, their hatch rates after 2 d at Ϫ5ЊC were lower than tropical populations of Ae. aegypti and Ae. albopictus, whose range extended further north beyond the tropical zone. Therefore, cold hardiness of tropical populations varied in relation to the distribution range of the species.
Similar trends were found for populations in other climatic zones. For subtropical populations, hatch rates of Ae. riversi were higher than Ae. albopictus and Ae. flavopictus after 2 d at 5ЊC, but became lower after 2 d at Ϫ5ЊC. After 15 and 30 d at Ϫ5ЊC, only eggs of Ae. flavopictus with a distribution reaching the cool-temperate zone hatched. As for warm-temperate populations, Ae. galloisi, the northernmost species, hatched at low rates initially (see also GK in Fig. 4) , but higher hatch rates of northerly species became evident after 15 d at Ϫ5ЊC. After 60 d at Ϫ5ЊC, only Ae. flavopictus Fig. 4 ) and became higher than Ae. flavopictus after 60 d at Ϫ5ЊC (the last inspection). Overall, these results indicated that species with more northerly distributions were more cold-hardy than southerly species throughout their distribution range. This trend was evident as time at low temperature became longer. Fig. 6 compares cold hardiness among populations from different climatic zones of two species whose distribution covers three zones. In Ae. albopictus, cold hardiness did not differ by climatic zones initially, but only populations from the warm-temperate zone hatched after 15 and 30 d at Ϫ5ЊC. In Ae. flavopictus, hatch rates of a subtropical population tended to be greater until 15 d at Ϫ5ЊC, but, after 60 d at Ϫ5ЊC, only eggs from temperate populations hatched. Within species with wide latitudinal distributions, northern populations were more cold-hardy than southern ones. This trend also became evident after long exposure to low temperature.
Discussion
Humidity and Low Temperature. At low humidity (40% RH), hatch rates of eggs exposed to low temperature were the same as or greater than controls. Very low humidity probably caused rapid death irrespective of temperature, or its adverse effects possibly were mitigated by metabolic suppression under low temperature.
Decrease in hatch rates at low humidity was least in Ae. aegypti and greatest in Ae. galloisi. This may partly be attributed to habitat differences (the former in domestic or urban habitats, while the latter in forests) (Sota and Mogi 1992a) , but was inconsistent with the expectation that desiccation resistance is a trait required for survival through dry winter in temperate eastern Asia. This inconsistency may be explained by two factors. First, temperate populations of Stegomyia species can produce diapausing eggs more resistant to desiccation than nondiapausing eggs (Sota and Mogi 1992b) . Second, the inside of containers of closed structures, with covers, and/or containing water may be humid, even if the air is dry. A common cover in northern temperate regions is snow. In Sapporo Interspecies comparison of hatch rates (back transformed mean with 95% CL) of eggs exposed to low temperature at 90% RH in each climatic zone. Species are arranged from southern one (left) to northern one (right) based on northern distribution limits. Ae. riversi is at the left of Ae. albopictus, because it is absent from northern part of the warm-temperate zone occupied by the latter (Tanaka et al. 1979) . Ae. flavopictus is at the left of Ae. galloisi, because it remains south of Sakhalin and Siberia occupied by the latter (Tanaka et al. 1979) . scutell, scultellaris; palau, palauensis; albo, albopictus; flavo, flavopictus. Analysis of variance results are shown above each inspection time. nc, not calculable; nd, not done; ns, not signiÞcant (P Ͼ 0.05). Horizontal axis shows inspection time from 2 d at 5ЊC to 120 d at Ϫ5ЊC. ϩ5, ϩ5ЊC; 0, 0ЊC; Ϫ5, Ϫ5ЊC; D, day.
(where Ae. galloisi GS was collected; Fig. 1 ), for example, snow falls for Ͼ25 d per month from December through February, and snow depths are Ն10 cm for almost 3 mo. Snow cover could provide higher and stable temperature for overwintering aedine eggs (Hanson and Craig 1995a) and also protection from desiccation. Although cold hardiness and desiccation resistance could evolve concurrently (Danks 2005) , and, in Drosophila, temperate species are more resistant to desiccation than tropical species (Kellermann et al. 2009 ), the present result indicated that desiccation resistance in nondiapausing eggs is not essential for colonization of temperate eastern Asia by Stegomyia species with diapausing eggs.
Variation in Cold Hardiness. Cold hardiness differed among species of Stegomyia even for populations from the same climatic zone. Populations of species with more northerly distributions were more coldhardy than populations of species with southerly distributions. Cold hardiness also differed among geographical populations of species with wide latitudinal distributions such as Ae. albopictus and Ae. flavopictus, where northern populations were more cold-hardy than southern ones. These trends became more evident with longer exposure to low temperature. At early inspection (and at higher temperatures), hatch rates were not different among species or populations, or probably were inßuenced by factors other than cold hardiness. These results corroborated and extended earlier reports about inter-and intraspeciÞc variation in cold hardiness of Ae. aegypti and Ae. albopictus (Hawley et al. 1987 (Hawley et al. , 1989 Hanson and Craig 1994) .
Cold hardiness is strengthened further in temperate Ae. albopictus eggs by diapause (Hawley et al. 1989, Hanson and Craig 1994) , and probably also in temperate populations of other species. Diapausing eggs of Ae. albopictus are produced by females that developed under low temperatures plus short day lengths, and exposure of nondiapausing eggs to that condition is not effective for diapause induction (Mori et al. 1981 ). The present experiments used nondiapausing eggs and long day lengths were kept throughout, but initial low hatch in cool-temperate Ae. galloisi GS indicated retarded hatch in response to lower temperature. Conditions necessary for diapause induction could vary among species of Stegomyia.
Assuming that each species originated within its present distribution range, interspecies differences in cold hardiness may reßect differences in climate at the sites of species origins. Ae. aegypti is native to tropical Africa, but its domestic form that colonized the tropics outside Africa probably emerged in North Africa (Tabachnick and Powell 1979) . Therefore, it is understandable that Indonesian Ae. aegypti were more cold-hardy than Indonesian and Palauan species conÞned to the tropics. Cold hardiness of Ae. riversi, Ae. flavopictus, and Ae. galloisi also followed the latitudinal order of their distribution centers. However, it was difÞcult at present to relate cold hardiness of Ae. albopictus to its geographical origin. Concentration of several species of the albopictus subgroup in Southeast Asia (Huang 1972 ) appeared consistent with its tropical origin, but all of them were later conÞrmed to also be present in southern China (Lu et al. 1997) . It is more cold-hardy than tropical species, but also Ae. riversi (conÞned to the subtropics and the southern part of the warm-temperate zone), and extends to the northern warm-temperate zone. If it is of tropical origin, acquisition of cold hardiness in nondiapausing eggs and genetic plasticity higher than other tropical species may have permitted its northward expansion. Cold hardiness of tropical species is discussed further in the next section.
Death of Ae. aegypti and Ae. albopictus eggs as a result of coldness occurs at temperatures signiÞcantly warmer than their supercooling points (temperatures ՅϪ24ЊC at which tissues freeze and insects die out) irrespective of population origins and cold acclimation (Hanson and Craig 1995b) . Study of the processes that increase mortality at low temperatures could be the Þrst step to elucidate the physiological and genetic basis causing inter-and intraspecies differences in cold hardiness in eggs of Stegomyia species.
A shortcoming of the present experiments is that the mosquitoes came from colonies that varied in generations after establishment. Colony maintenance under summer conditions may have decreased the frequency of genes for cold hardiness in northern populations, so (Christophers 1960 , Bar-Zeev 1957 , Ae. albopictus (Hanson and Craig 1994, 1995a; Hanson 1995) , and Ae. scutellaris (Woodhill 1949) , suggesting that this trait is common among the nondiapausing eggs of tropical Stegomyia species.
In present experiments, eggs were exposed to Յ0ЊC after acclimation at 20, 15, 10ЊC (each 1 d), and 5ЊC (2 d). This acclimation regimen was probably effective. Although rapid cold-hardening known for the nondiapausing stages of other insects (Lee et al. 1987 ) is not conÞrmed for mosquito eggs, short acclimation (such as 24 h) can strengthen hardiness in mosquitoes (Mellanby 1960) . Longer acclimation periods (up to 70 d) could enhance cold hardiness further (Hawley et al. 1989, Hanson and Craig 1994) . Winter in temperate regions arrives through gradually lowering temperature, which could further strengthen cold hardiness. The present results may show the minimum hardiness rather than the maximum. Furthermore, temperature in winter ßuctuates widely within 1 d (e.g., Hanson and Craig 1995a) , and may fall below zero only for several hours. Capacity of eggs of tropical species to tolerate the coldness in temperate regions could be evaluated more precisely through exposure of eggs to winter Þeld conditions, as done for Ae. aegypti and Ae. albopictus (Ofuji 1963 , Hawley et al. 1989 , Hanson and Craig 1995a , Hanson 1995 .
Tropical species or populations may also experience cool temperature at high elevation. Populations of Ae. aegypti, Ae. albopictus, and Ae. paullusi used in present experiments were collected in Sulawesi, a mountainous island with the highest peak of 3,440 m, where lowland/hill forests and lower mountain forests reach the elevations of 1,400 and 2,400 m, respectively (Whitten et al. 1988 ). According to measurement in Sulawesi, the daily minimum temperature decreases 0.7ЊC per each 100 m with increasing daily temperature ranges (Whitten et al. 1988 ). Taking 20.5ЊC (the mean daily minimum of the coldest month in Makassar) as a sea-level temperature, the equivalent values at 1,400 and 2,400 m are expected to be 10.7 and 3.7ЊC, respectively. The highest elevational record of Ae. aegypti in the tropics is Ϸ2,400 m (Christophers 1960) . Until altitudinal distributions of Stegomyia species in Sulawesi are investigated, a possibility that the mountain populations experience temperatures around 0ЊC and develop cold hardiness may not be excluded.
However, this would require the spread and maintenance of cold hardiness in lowland populations. Subtropical mountain species of Drosophila are more coldhardy than lowland species, but it is unknown whether hardiness acquired at subtropical mountains is the origin of much stronger hardiness of temperate species (Goto et al. 2000) .
Such a possibility is completely excluded for Ae. hensilli and Ae. palauensis in Palau, where the highest point is 242 m. They rarely would experience temperatures below 15ЊC, because monthly means of daily minimum temperatures are around 24ЊC year round. Cold hardiness of these mosquitoes cannot be explained with regard to present temperature on the island. The same can be said for supercooling points of Ae. aegypti and Ae. albopictus mentioned above. Supercooling points of tropical insects may be a trait without proximate adaptive value (Cloudsley-Thomson 1973) and a by-product of other adaptive functions (Renault et al. 2002) .
Northern Colonization. Ae. aegypti incapable of diapause once colonized temperate Japan for a period of several years. In Ushibuka (see Fig. 1 ), this species was collected continuously during 1944 Ð1949, with the last conÞrmation in 1952, and both adults and larvae were common at least in some years (Ofuji 1963 , Tanaka et al. 1979 , Kurihara 2003 . Ushibuka was a port where Þshing and transport boats from the south anchored. The possibility of yearly introductions after winter extinction was excluded by the failure to collect this species after 1953 here and at other ports in Kyushu. The annual mean temperature (1950 Ð1959, no earlier data) in Ushibuka was 17.3ЊC with the coldest month of 8.1ЊC. Daily minimums for 10 winter seasons from 1961 (no earlier data) were Ͻ0ЊC for 0 Ð13 d (the lowest Ϫ2.7ЊC; the median 3.5 d). In the time when Ae. aegypti was present, concrete water tanks against Þre were abundant around houses. These facts suggest that Ae. aegypti without diapausing eggs may colonize warm-temperate eastern Asia, provided that larval habitats and human hosts are abundant and easily accessible.
In Nagasaki (see Fig. 1 ; mean temperature 16.9ЊC) near Ushibuka, some of Bangkok Ae. aegypti and Singaporean and Malaysian Ae. albopictus eggs laid in autumn hatched in spring when they were kept in the outdoors, but protected from rain (Ofuji 1963 , Hanson 1995 . However, no Ae. aegypti and Ae. albopictus larvae became adults from December through February under outdoor temperature in Nagasaki (Tsuda and Takagi 2001) . Threshold temperature for larval development is Ϸ11ЊC for Ae. albopictus (Hawley 1988) and 12Ð13ЊC for Ae. aegypti (Bar-Zeev 1958 , Ofuji 1963 . Threshold temperature for other tropical Stegomyia species is not known, but may be comparable to that of Ae. aegypti. In temperate regions, nondiapausing eggs have a risk of hatching under lethal low temperature in winter (threshold temperature for larval hatch needs to be investigated). Mori et al. (1981) suggested that a main advantage of diapause in Ae. albopictus eggs is to prevent larval hatch until spring, even though the eggs are soaked by winter rain.
As stated above, adverse effects of low humidity could be mitigated by coldness. Dry winter in temperate eastern Asia may keep nondiapausing eggs unhatched and favor their overwintering. Although northern species with diapause were not resistant to desiccation, southern species may more likely survive temperate winter if their nondiapausing eggs are more resistant to desiccation. Desiccation resistance of eggs may be a trait useful to specifying which southern species are more likely to colonize, even though temporarily, temperate regions with occasional freezing temperature.
